Spreading depolarization (SD) is a phenomenon of various cerebral gray matter structures that only occurs under pathological conditions. In the present paper, we summarize the evidence from several decades of research that SD and cytotoxic edema in these structures are largely overlapping terms. SD/ cytotoxic edema is a toxic state that -albeit initially reversible -leads eventually to cellular death when it is persistent. Both hemorrhagic and ischemic stroke are among the most prominent causes of SD/ cytotoxic edema. SD/cytotoxic edema is the principal mechanism that mediates neuronal death in these conditions. This applies to gray matter structures in both the ischemic core and the penumbra. SD/ cytotoxic edema is often a single terminal event in the core whereas, in the penumbra, a cluster of repetitive prolonged SDs is typical. SD/cytotoxic edema also propagates widely into healthy surrounding tissue as short-lasting, relatively harmless events so that regional electrocorticographic monitoring affords even remote detection of ischemic zones. Ischemia cannot only cause SD/cytotoxic edema but it can also be its consequence through inverse neurovascular coupling. Under this condition, ischemia does not start simultaneously in different regions but spreads in the tissue driven by SD/cytotoxic edema-induced microvascular constriction (¼ spreading ischemia). Spreading ischemia prolongs SD/cytotoxic edema. Thus, it increases the likelihood for the transition from SD/cytotoxic edema into cellular death. Vasogenic edema is the other major type of cerebral edema with relevance to ischemic stroke. It results from opening of the blood-brain barrier. SD/cytotoxic edema and vasogenic edema are distinct processes with important mutual interactions.
Introduction
Under physiological conditions, the ion concentration gradients between the bulk solutions across the neuronal membranes do not change significantly. During epileptic seizure activity, they change but remain below the so called ceiling level (Heinemann and Lux, 1977) . By contrast, the phenomenon of spreading depolarization (SD) is characterized by their near-complete breakdown (Hansen and Zeuthen, 1981; Kraig and Nicholson, 1978; Lehmenkühler et al., 1985; Vyskocil et al., 1972; Windmuller et al., 2005) . Following the electrochemical gradients, calcium (Ca 2þ ), sodium (Na þ ) and chloride (Cl À ) ions enter the intracellular space (ICS) and potassium (K þ ) ions leave it. Driven by Gibbs-Donnan forces, the Na þ influx exceeds the K þ outflux because the concentration of negatively charged proteins is higher in the ICS than in the extracellular space (ECS). This in turn creates a driving force for water to enter the cells. In formal terms, this process is described as a change from the physiological double GibbseDonnan steady state toward a simple GibbseDonnan equilibrium (Dreier et al., 2013a; Kraig and Nicholson, 1978) . During this process energy is released. Based on simple models of the neuropil, the changes in cation concentrations and electric field alone resulted in a Gibbs free energy release of 19e22 J/l per tissue volume during SD (Dreier et al., 2013a) . Consequent transition to cell death caused only a small, additional free energy release of~2.5 J/l. The Gibbs free energy released is converted to heat. Accordingly, a propagating increase in temperature by 5e30 mK accompanied SD in isolated retinae of bullfrog and toad (Tasaki and Byrne, 1991) . SD is thus the largest disruption of homeostasis that is possible in living neural tissue (Dreier and Reiffurth, 2015) . SD was discovered in animals by the Brazilian neurophysiologist Aristides Leão. He suggested that it is involved in both migraine aura and cerebral ischemia in humans (Leão, 1944b (Leão, , 1947 Leão and Morison, 1945) . The latter was recently confirmed by the CoOperative Studies on Brain Injury Depolarizations (COSBID) when cortical SD was recorded in practically every patient with malignant hemispheric stroke (MHS) (Dohmen et al., 2008; Woitzik et al., 2013) , 70e80% of patients with poor-grade aneurysmal subarachnoid hemorrhage (aSAH) (Dreier et al., 2006 and 60e70% of patients with intracerebral hemorrhage (ICH) Helbok et al., 2016) . Moreover, SDs were found in 50e60% of patients with severe traumatic brain injury (TBI) Hartings et al., 2011) . SDs were also recorded in human brain slices in different models, including models of acute epilepsy (Avoli et al., 1991; Gorji and Speckmann, 2004; Maslarova et al., 2011) . Case series using imaging of alterations in regional cerebral blood flow (rCBF) or its surrogates and magnetoencephalography supported the notion that SD not only occurs in cerebral ischemia but also during migraine aura (Bowyer et al., 2001; Hadjikhani et al., 2001; Olesen et al., 1981; Woods et al., 1994) .
For a more comprehensive account of the differences and similarities of SDs in migraine and stroke, we refer the reader to a recent review (Dreier and Reiffurth, 2015) . Importantly, SD typically causes cessation of the spontaneous activity in electrically active tissue due to Na þ channel inactivation, collapse of ion gradients and suppression of synaptic transmission (Kager et al., 2002; Lindquist and Shuttleworth, 2017; Sawant-Pokam et al., 2017) . This has been termed 'spreading depression' of activity. SD-induced spreading depression of activity, propagating through eloquent, otherwise healthy brain tissue, is presumably the pathophysiological correlate of the migraine aura (Leão and Morison, 1945) . However, ischemia typically induces nonspreading depression of activity several tens of seconds before it triggers the first SD (Dreier, 2011; Leão, 1947) . Thus, brain activity is already depressed, at least partially, before SD erupts in ischemic tissue. In this way, ischemia typically precludes the characteristic patient percept of a migraine aura, though it triggers SD. It is assumed that nonspreading depression of activity is the pathophysiological correlate of the sudden, simultaneous neurological deficit in different modalities which is typical of transient ischemic attacks and stroke. Notably, the electrical inactivity, termed 'nonspreading depression', corresponds to a hyperpolarization of neurons (Fleidervish et al., 2001; Muller and Somjen, 2000; Revah et al., 2016; Tanaka et al., 1997) which may be mediated by several mechanisms as reviewed recently (Dreier and Reiffurth, 2015) . Clusters of SDs electrophysiologically recorded in patients are typically associated with complex global and/or focal neurological deficits (Dreier and Reiffurth, 2015; Dreier et al., 2006) . Serial neuroimaging studies suggested that such clusters indicate ischemic lesion progression. This applied in particular when they led to prolonged depression of activity (Dreier et al., 2006 Dreier and Reiffurth, 2015) . Accordingly, SDs in electrically inactive (¼ isoelectric) tissue, so called isoelectric SDs, were associated with poor outcome in patients with TBI (Hartings et al., 2011) and SDs inducing prolonged depression periods indicated worse outcome in patients with aSAH Winkler et al., 2017) . Temporal clusters of SDs and prolonged depression periods of spontaneous cortical activity can afford even remote detection of ischemic zones because SDs propagate widely Hartings et al., 2017; Oliveira-Ferreira et al., 2010; Winkler et al., 2017) .
SD is observed as a large negative direct current (DC) shift in electrocorticographic (ECoG) recordings (DC frequency range: 0e0.05 Hz). This emanates from differences in depolarization along Thy1-YFP /Thy1-GFP /GFP-M /YFP-H: mice genetically modified to stain a fraction of pyramidal neurons of the neocortex and hippocampus using fluorescence. GFAP-EGFP: mice genetically modified to stain astrocytes from multiple areas of the central nervous system using fluorescence. Gad1-eGFP: mice genetically modified to stain GABAergic neurons of the neocortex using fluorescence. a The term "beading" is not used here because, rather than beading, the author described the change as an increase in diameter of apical dendrites in sections parallel to the brain surface. However, this corresponds to the term "beading".
the main axis of the neurons during SD (Makarova et al., 2010) . By contrast, SD-induced spreading depression is seen as a decline in the amplitudes of brain activity in the alternating current (AC) range of the ECoG above 0.5 Hz . Recovery from SD requires activation of adenosine triphosphate (ATP)-dependent membrane pumps, in particular Na,K-ATPases. Therefore, tissue ATP declines by~50% during SD, not only in energy-deprived but also in well-supplied tissue (Mies and Paschen, 1984) . The local duration of the negative DC shift indicates tissue energy status and risk of injury at the recording site Hartings et al., 2017b) .
Another hallmark of SD is its propagation with a slow speed between 2 and 9 mm/min (Woitzik et al., 2013) . The velocity of SD does not change dependent on the energy state of the tissue (Aitken et al., 1998; Farkas et al., 2010) , but various gene mutations (Theis et al., 2003; van den Maagdenberg et al., 2004) , metabolic disruptions (Ulmer et al., 1995) , hormones (Eikermann-Haerter et al., 2009 ) and pharmacologic interventions (Dhir et al., 2012; Kudo et al., 2008; Marrannes et al., 1988 ) may modify it. In both liss-and gyrencephalic cortex, the propagation of SD is usually anisotropic and heterogeneous (Kaufmann et al., 2017; Nakamura et al., 2010; Santos et al., 2014 Santos et al., , 2017 . The propagation process is assumed to be a reaction/diffusion mechanism (Zandt et al., 2013) in which neurons release neuroactive substances such as K þ or glutamate. These diffuse to adjacent neurons where they trigger a self-propagating regenerative process. This concept entails the reinitiation of SD at every spot in the tissue reached by the SD wave. Accordingly, SD velocity and susceptibility correlate in various animal models (Cain et al., 2017; Theis et al., 2003) . Recent evidence from neuromonitoring indicates that this also applies to the human brain . The abruptness of SD suggests explosive opening of cation conductances at its onset, but the exact channels contributing to SD have not been fully elucidated (Pietrobon and Moskowitz, 2014) . Furthermore, the structures of the neuronal membrane that allow the abrupt entry of water during SD have remained enigmatic, though transporters may provide a partial explanation (Steffensen et al., 2015) . Importantly, the roles of different channels, transporters and pumps in the SD process seem to change along the continuum from SD in normal tissue to SD in ischemic tissue. This in turn implicates fundamental changes of pharmacosensitivity along the SD continuum, which unfortunately complicates the development of treatment (Dreier and Reiffurth, 2015) .
Though SD can propagate through healthy tissue and is not unavoidably fatal, it has never been observed to occur spontaneously in a completely healthy brain. Clearly non-injurious triggers for SD are currently unknown. The least pathological triggers may be epileptic seizure activity (Avoli et al., 1991; Mody et al., 1987) , pin prick with an electrode of at least 125 mm in diameter (Verhaegen et al., 1992) , electrical injury (Dreier and Reiffurth, 2015, 2017a ), brain topical application of artificial cerebrospinal fluid (ACSF) containing an elevated K þ concentration above 50 mM (Dreier et al., 2000) or pressure injection of concentrated KCl (Tables 1e3). 2. SD-induced cytotoxic edema 2.1. Discovery of the link between SD and cytotoxic edema
The influx of water induced during SD leads to swelling of the neuronal somata and dendritic beading ( Figs. 1 and 2 ). This has been termed 'cytotoxic edema'. To our knowledge, van Harreveld described the cytotoxic edema for the first time and discovered its mechanism when he laid the foundation of the pathophysiological link between SD and its histomorphological changes (Table 1) . Van Harreveld derived this hypothesis from the observation of an increase in impedance during SD in either asphyxic or normal tissue. He reasoned that a marked increase in impedance would indicate a loss of electrolytes from the ECS since the measuring current in tissue is mainly carried by extracellular ions. This suggested to him a movement of water from the ECS to the ICS at the moment when SD is recorded (Ochs and Van Harreveld, 1956; Schuier and Hossmann, 1980) . He first confirmed this hypothesis using histological preparations of the rapidly frozen cortex of rabbits, cats and rhesus monkeys undergoing either asphyxic or electrically triggered SD (Van Harreveld, 1957 , 1958 . Notably, he found that the dendritic swelling is reversible after the passage of one electrically induced SD in normal tissue using the Golgi silver impregnation method (Van Harreveld, 1958) . A decade later, he confirmed the shrinkage of the ECS using electron microscopy in mice during both asphyxic SD and electrically triggered SD in normal tissue (Van Harreveld and Khattab, 1967; Van Harreveld and Malhotra, 1967) . He also noted "swollen structures" arising "from a relatively thin fiber" corresponding with what was later called dendritic beading (Van Harreveld and Khattab, 1967) . Eventually, van Harreveld succeeded to directly correlate SD's negative DC shift, the abrupt increase in impedance, the extracellular shrinkage and the cellular swelling in the same experiment (Van Harreveld and Malhotra, 1967) . In the end of the nineteensixties, the term cytotoxic edema was then coined by Igor Klatzo to differentiate this type of edema from the so called vasogenic edema, which results from opening of the blood-brain barrier (BBB) (Klatzo, 1967 (Klatzo, , 1987 .
The quaternary ammonium salt method for the assessment of ECS changes during SD
An important consequence of the cytotoxic edema is restricted diffusion of small molecules both in ICS and ECS. Diffusion in a homogeneous and isotropic medium is generally described by Fick's First Law. According to this law, the microscopic flux J of a solute is calculated from the free diffusion coefficient D and the microscopic concentration gradient of a solute VC o : J ¼ ÀDVC o . However, in its macroscopic form, D has to be corrected for the geometrical constraints imposed by the space in which the solute diffuses. For example, such a correction is necessary for the ECS with a width of only a few hundred Å (Nicholson, 1993; Vorisek and Sykova, 1997) . The correction can be done using the tortuosity, l, which is the average path length for diffusion between two points in the medium. D*, the apparent diffusion coefficient (ADC), is then equal to D=l 2 .
Based on these laws of diffusion, the generation of researchers following van Harreveld used the quaternary ammonium salt method to further investigate the mechanistic role of SD for the cytotoxic edema. This method allows the measurement of restricted diffusion in the ECS because quaternary ammonium salts such as tetramethylammonium (TMA þ ), tetraethylammonium (TEA þ ) and tetrapropylammonium (TPA þ ) applied to the ECS do not enter the ICS. Using this method, it was found that l strongly increases during SD. Moreover, it was observed that the extracellular volume fraction, a, which is normally around 20e25% of the total brain volume, shrinks by 40e80% during SD in normal and ischemic tissue both in vitro and in vivo (Mazel et al., 2002; Perez-Pinzon et al., 1995; Windmuller et al., 2005) (Table 2) . These results thus confirmed van Harreveld's hypothesis.
Correlates of SD in magnetic resonance imaging (MRI) scans
Notably, the constrained diffusion during SD not only applies to solutes but also to water as the basis of diffusion-weighted imaging (DWI). To our knowledge, Moseley et al. were the first to investigate the hypothesis in 1990 that decreases of water mobility during cytotoxic edema translate into intensity increase in DWI and decrease of the ADC (Moseley et al., 1990a (Moseley et al., , 1990b . In their studies, cytotoxic edema resulted from ischemia following middle cerebral artery occlusion (MCAO) in cats. Almost in parallel, these MRI techniques were also developed for the use in patients with stroke (Bryan et al., 1991; Chien et al., 1992; Warach et al., 1992) . Shortly thereafter, it was confirmed in different animal models that not only the SD-induced cytotoxic edema under ischemic conditions but also the SD-induced cytotoxic edema under normal conditions causes intensity increase in DWI and decrease of the ADC (Table 3 ). Through technological advancements that allowed faster MRI acquisition times, it was possible to see the spread of the diffusion anomalies induced by SD in these studies. SD was observed in parallel as a propagating negative DC shift. Velocities of DC shift and MR diffusion anomalies highly correlated (Hossmann, 1996) . Notably, it is assumed that the decrease of the ADC, as measured by MRI, is not only due to restricted extracellular but also restricted intracellular diffusion through the beaded morphology of the dendrites (Figs. 1 and 2). This morphology allows a larger volume to be encompassed within an equivalent surface area (Budde and Frank, 2010) . In normal dendrites, water mobility is highly restricted by the cell membrane perpendicular to the main axis, but water molecules diffusing along the main axis of the dendrite encounter few barriers on the timescale of DWI measurements. However, undulation of the cell membrane induced by dendrite beading causes reduction in the mobility of intracellular water along the main axis of each dendrite (Dreier and Reiffurth, 2015, 2017b) .
Changes of the intrinsic optical signal (IOS) during SD
On the basis of these findings, hereafter, use of the term SD should be understood to refer also to cytotoxic edema. Another way to visualize SD in brain slices makes use of the so called IOS which markedly and abruptly changes during this process. The IOS results from the inherent properties of biological tissues to transmit, reflect, scatter and absorb white light. Though there is a brief initial decrease of reflected and increase of transmitted light, respectively, in some preparations Bahar et al., 2000; Zhou et al., 2010) , the main response during the passage of SD seems to be an increase of reflected and a decrease of transmitted light, respectively (Aitken et al., 1998; Ba et al., 2002; Mane and Muller, 2012; Maslarova et al., 2011; O'Farrell et al., 2000; Petzold et al., 2005; Snow et al., 1983; Vilagi et al., 2001) . It has been proposed that this results at least in part from dendritic beading. Accordingly, the time to peak of the change in IOS and the dendritic beading are remarkably similar (Maslarova et al., 2011; Muller and Somjen, 1999; Steffensen et al., 2015) . Further, withdrawal of Cl À in brain slices significantly reduced the beading and abolished the IOS at the same time (Muller and Somjen, 1999; Steffensen et al., 2015) . Moreover, beads are of a size (1e5 mm diameter) that is optically ideal for scattering light (Malm, 2000) . Notably, the IOS during simple hypotonic stress, which creates a purely osmotic edema, shows opposite alterations to the main component observed during SD, i.e., a decrease of reflected and an increase of transmitted light is seen. Neurons are naturally resistant to hypotonic stress because they lack aquaporins unlike astrocytes . Thus, neurons do not swell and no beading develops during hypotonic stress. By contrast, astrocytes increase their volume. It is assumed that they do so in order to maintain the homoeostasis, thereby, protecting the neurons (Risher et al., 2009 (Risher et al., , 2012 . In vivo, the IOS is additionally altered by the blood volume. Sometimes the IOS is therefore treated as if it was a surrogate of Due to the method used, quantification of the extracellular compartment shrinkage was not possible. Nevertheless, van Harreveld and others already described a reduction of the extracellular compartment during SD as follows: "in most places the cell membranes are closely apposed, forming five-layered tight junctions consisting of two layers of electron transparent material sandwiched between three electron dense layers" (authors' emphasis) (Van Harreveld and Malhotra, 1967) .
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rCBF Santos et al., 2014) . However, the IOS in vivo can only provide an orientation regarding changes in rCBF because of the strong additional parenchymal component as described above. The parenchymal IOS component is observed in a wide spectrum of wave-lengths (Mane and Muller, 2012) . There is in other words no range of wave-lengths where the parenchymal and the blood volume components of IOS can be sufficiently separated. In addition, there is also a small component of the IOS due to cytochromes, but this has not gained practical importance.
Histology
Neurons can survive SD even in the core region of ischemia if the tissue is reperfused and repolarizes before the commitment point (Ayad et al., 1994; Memezawa et al., 1992; Nozari et al., 2010; Somjen, 2004) . Conversely, however, neurons will die if the commitment point is reached, even if there is subsequent reperfusion, repolarization, and some recovery of spontaneous activity (Dreier and Reiffurth, 2015) . Notably, the commitment point, defined as the time when neurons start dying during SD, is no universal value but varies between neuroanatomical structures, neuron populations, noxious conditions and developmental state (Dreier, 2011) . The level of remaining perfusion and the temperature seem to be of particular importance among the factors that determine when the commitment point is reached (Dreier et al., 2013b; Gilbert et al., 2000) . However, perfusion levels can be highly dynamic in and around ischemic zones because of the continuum of rCBF responses to SDs as explained below (Ayata and Lauritzen, 2015; Dreier, 2011) . Also progression of ischemic injury is best described as a dynamic continuum in space and time (Hartings et al., 2017b) . No evidence has been found that mechanisms of cell death differ in principle between ischemic center, the core, and the penumbra (Dreier et al., 2002a; Nozari et al., 2010) , though faster recovery within the SD continuum in the penumbra is associated with shifting the cell death mechanism toward apoptosis and, hence, toward slower death within the necroticapoptotic continuum (Charriaut-Marlangue et al., 1996) . Unfortunately, it is not possible to accurately determine whether or not a given neuron has reached the commitment point in histological sections obtained within several tens of minutes after onset of ischemia. The reversibility of morphological alterations can simply not be proven anymore as soon as the tissue is perfusion-fixated. Evidence for the principal morphological changes of neurons following the onset of ischemia comes in particular from MCAO models in rodents. In these models, neuronal death started to be seen when the duration of transient ischemia exceeded between 15 and 30 min (Heiss and Rosner, 1983; Memezawa et al., 1992; Pignataro et al., 2007; Shen et al., 2005) . First, neurons started dying in the supraoptic area, then in the basal ganglia followed by the neocortex (Garcia et al., 1993) .
Corresponding with the notion from electrophysiological recordings and two-photon imaging that SD abruptly starts in the ischemic core within one to 5 min from the onset of ischemia (Dijkhuizen et al., 1999; Hartings et al., 2003; Koroleva and Bures, 1996; Leão, 1947) , swollen neuronal somata and a large amount of vacuolated processes were seen in histological sections when the tissue was perfusion-fixated after 30 min (Garcia et al., 1995) . In addition, there were also neurons with condensed, shrunken perikarya that adopted a scalloped appearance surrounded by swollen cellular processes (Fig. 3) . Ultrastructural alterations visible during this subacute stage included moderate clumping of nuclear chromatin granules, dilatation of a few rough endoplasmic reticulum cisternae, and swelling of mitochondria without Ca 2þ salt precipitates. These changes may still be reversible. Histological anomalies defining necrotic death of neurons are (i) so called red neurons, which are intensively eosinophilic while the nucleus turns pyknotic, and (ii) ghost neurons that develop from red neurons and are characterized by cellular nucleic acids with complete affinity loss for hematoxylin. Such unequivocal signs of cell death started to be seen at around 6 h of MCAO and were increasingly more abundant thereafter (Fig. 3 ) (Garcia et al., 1993 (Garcia et al., , 1995 Liu et al., 2001 ). Pan-necrosis or coagulation necrosis of neurons, glia, capillaries, and myelinated fibers, was found only 72e96 h after MCAO.
Astrocytes and SD
Twenty to 30 percent of the brain volume is occupied by astrocytes. During SD, not only neurons but also astrocytes depolarize Original recordings with two platinum/iridium electrodes on the surface of the rat cortex. SD is observed as a negative DC shift that lasts at least several tens of seconds and propagates between neighboring electrodes. The local duration of the negative DC shift indicates tissue energy status and risk of injury at the recording site. Note that the DC shift of the second SD in the lower trace is prolonged. The prolongation resulted from hypoxia in this case. Platinum/iridium electrodes on the brain surface are typically used in humans. Their recording quality is lower than the recording quality of an intracortical microelectrode (cf . Fig. 4) . and swell. The latter applies at least to SD in ischemic tissue (Table 1) . During SD in normal tissue, either a smaller astrocytic volume increase than in ischemic tissue (Risher et al., 2012) or no significant change was noted (Takano et al., 2007 ). An artificial K þ challenge to the ECS alone led to astrocytic swelling but astrocytes did not additionally swell when K þ then triggered SD on top of this (Zhou et al., 2010) . This would correspond with the hypothesis that, if baseline conditions, including baseline K þ , are normal, K þ released from neurons during SD drives astrocytic swelling (Risher et al., 2012) . This could result, for example, from water translocation by the Na þ /K þ /2Cl -cotransporter 1 (NKCC1) during astrocytic clearance of extracellular K þ (Hamann et al., 2005; Zeuthen and Macaulay, 2012) . Also water translocation through glutamate transporters such as EAAT1 could contribute when glutamate released from neurons during SD is taken up by astrocytes (MacAulay et al., 2001) . Given the fact that astrocytic swelling during SD is augmented under ischemia, it seems paradoxical, however, that possible contributions to astroglial water uptake by voltage-sensitive Na þ -coupled transporters such as glutamate transporters must decrease when Na þ and K þ gradients run down during ischemia. Another potential contributor to astroglial water accumulation during SD could be the extracellular acidosis and increased lactate concentration (Mutch and Hansen, 1984; Taylor et al., 1996) due to cotransport of water by the astroglial monocarboxylate transporter MCT1 during astroglial lactate and proton clearance of the extracellular space (Zeuthen, 1996) . Intracellular acidification should similarly facilitate astroglial swelling mainly through activation of Na þ /H þ and HCO 3 À /Cl À exchangers that lead to accumulation of intracellular osmolytes (MacAulay and Zeuthen, 2010; Steffensen et al., 2015) .
Neurons lead and astrocytes follow during SD. This is exemplified by changes in intracellular Ca 2þ , which increases first in neurons, then in astrocytes (Chuquet et al., 2007) . Further, SD and the associated neuronal Ca 2þ wave did not change when the astrocytic Ca 2þ wave was prevented by depleting internal Ca 2þ stores (Peters et al., 2003) . Unfortunately, the contribution of astrocytes to ion fluxes during SD has been poorly documented. It may be particularly complicated as it seems to change along the continuum from SD in normal tissue to SD in ischemic tissue (Dreier and Reiffurth, 2015) . In normal tissue, astrocytic depolarization is presumably produced passively by decrease in the K þ transmembrane gradient following the abrupt release of K þ from neurons into the ECS. The depolarization implicates a flux of Cl À ions into astrocytes. Because of the Cl À influx, the membrane potential remains more negative than the new K þ equilibrium potential. This might attract K þ to follow Cl À into astrocytes (Kimelberg, 2005) . Moreover, K þ may enter astrocytes in exchange with Na þ by activation of Na,KATPases, and this may lead to decline in intraastrocytic Na þ .
Hence, during SD in normal tissue, neurons spill out part of their K þ content and take up Na þ while astrocytes are thought to take up K þ and to release part of their Na þ . Astrocytes would thus attempt to buffer the massive extracellular ion changes during SD, but this may merely be the case in normal in contrast to ischemic tissue where astrocytic Na,K-ATPases are deprived of ATP. Under such conditions, intraastrocytic Na þ may increase, as observed in primary astrocyte culture under simulated ischemia (Rose et al., 1998) , and K þ may be released rather than taken up (Largo et al., 1996a) .
A protective role of astrocytes against SD was first suggested in models in which the aerobic metabolism in astrocytes was selectively disrupted by aconitase blockers (Largo et al., 1996b) , and The translation of the experimental work on SD by Leão (Leão, 1944b (Leão, , 1947 Leão and Morison, 1945) and van Harreveld (Ochs and Van Harreveld, 1956 ) to the clinic has taken more than half a century. (A)e(E) are analogous to Fig. 1 . (E) Shows an original recording with two platinum/iridium electrodes on the surface of the human cortex in a patient with aSAH. The prolongation of the negative DC shift between the first and second SD occurred within a cluster of recurrent SDs during the evolution of a stroke.
further supported by various other models (Brennan et al., 2013; Kimelberg, 2005; Largo et al., 1996b; Leo et al., 2011; Theis et al., 2003) . In presence of aconitase blockers, a cluster of recurrent SDs suddenly evolved in association with the progressive death of astrocytes. The pattern of this cluster was reminiscent of clusters in models of mild ischemia (Dreier et al., 2002a; Oliveira-Ferreira et al., 2010) , though the tissue remained normoxic and normoglycemic. The cluster was accompanied by the tissue's loss of K þ buffering capability and pH control, functions attributed to astrocytes (Benarroch, 2005) . Breakdown of the intimate operation of astrocytes with neurons in the control of neurometabolic coupling seems thus sufficient to produce a cascade of events remarkably similar to that in ischemia and with equally deleterious outcome. These findings corresponded with the hypothesis that the disturbance of astrocytic function contributes to neuronal death in ischemia, though astrocytes themselves are thought to be more resistant to ischemia than neurons thanks to their higher anaerobic capabilities (Largo et al., 1996a) .
Acute changes in the neurovascular unit -hemodynamic responses to SD
SD induces an increase in rCBF in otherwise healthy tissue (¼ spreading hyperemia) (Leão, 1944a; Piilgaard and Lauritzen, 2009 ). This is followed by a mild oligemia after repolarization of the neurons (Ayata and Lauritzen, 2015; Fordsmann et al., 2013) . This series of rCBF alterations applies to almost all properly investigated mammals, including humans (Hadjikhani et al., 2001; Lauritzen et al., 1983; Santos et al., 2014) . In adult rats, SD was not followed by histological injury when the tissue was otherwise healthy and the normal hemodynamic response was observed (Nedergaard and Hansen, 1988) . It is assumed that the hyperemic rCBF response to SD aims (i) to meet the increased energy demand and (ii) to clear the ECS from metabolites.
In contrast to this normal hemodynamic response, SD can trigger severe ischemia in animals in already ischemic or even adequately perfused tissue when neurovascular coupling is disturbed and the hemodynamic response to SD is inverted (Dreier et al., 1995 (Dreier et al., , 1998 (Fig. 4) . Under this condition, SD induces initial, severe microvascular constriction, instead of vasodilatation. This type of focal ischemia spreads together with the neuronal depolarization wave and is therefore referred to as spreading ischemia. The ischemic rCBF response to SD hinders the local recovery from SD. Therefore, the negative DC shift and hence the cytotoxic edema becomes prolonged and the likelihood of local injury increases (Dreier, 2011; Dreier et al., 2002b; Sukhotinsky et al., 2008) .
In animal experiments, spreading ischemia resulted from topical application of ACSF containing either an elevated K þ concentration or an inhibitor of the a 2 /a 3 isoforms of the Na,K-ATPase in combination with either the nitric oxide synthase (NOS) inhibitor N Gnitro-L-arginine (L-NNA) or the nitric oxide (NO)-scavenger hemoglobin (Hb) to the brain cortex (Dreier et al., 1998; Windmuller et al., 2005) . Similar conditions are likely responsible for spreading ischemia after arterial occlusion (Bere et al., 2014a; Feuerstein et al., 2014; Shin et al., 2006; Strong et al., 2007) because focal ischemia leads to a baseline elevation of the extracellular K þ concentration before it induces SD (Erdemli et al., 1998; Muller and Somjen, 2000) , a 2 /a 3 Na,K-ATPase activity selectively declines (Jamme et al., 1999; Mishra and DelivoriaPapadopoulos, 1999) and NO availability decreases because molecular oxygen is required for NO synthesis (Jiang et al., 2001) . After aSAH, NO scavenging by hemoglobin in the subarachnoid blood clot, endogenous NOS inhibitors, degeneration of perivascular nitrergic nerves, uncoupling of endothelial NOS, reactive oxygen species or rho kinase activation might contribute to the experimentally and clinically measured decrease in NO availability (Dreier, 2011; Dreier et al., 1998; Edwards et al., 1992; Macdonald et al., 2007; Ohta et al., 1980; Pluta et al., 2009; Sakowitz et al., 2001) . Release of K þ from the subarachnoid clot, decrease of Na,K-ATPase activity due to vasospasm of both basal cerebral arteries and microvessels, microthrombosis or endogenous digitalislike compounds as well as activation of neuronal K þ channels might contribute to the rise of basal K þ after aSAH (Dreier et al., 1998; Ohta et al., 1983; Windmuller et al., 2005) . It is assumed that elevated basal K þ is important for the mechanism of spreading ischemia because it leads to a downregulation of a 2 Na,K-ATPase activity channels during spreading ischemia (Dreier et al., 1998 (Dreier et al., , 2002c Windmuller et al., 2005) . Furthermore, decline of the basal level of rCBF and/or changes in capillary flow patterns may contribute to spreading ischemia via additional factors that remain to be elucidated (Dreier et al., , 2002c Feuerstein et al., 2014; Ostergaard et al., 2015; Sonn and Mayevsky, 2000; Sukhotinsky et al., 2008) . Notably, hemodynamic responses to SD often show a continuum across tissue from an inverse ischemic response to an increasingly normal hyperemic response or the other way round. Spreading ischemia can be the sole cause of widespread cortical infarcts (Dreier et al., 2000) . In the ischemic penumbra, it causes lesion progression (Bere et al., 2014b; Feuerstein et al., 2014; Shin et al., 2006; Strong et al., 2007) , but is not typically observed in all models of ischemia. For example, full-blown spreading ischemia can barely be found after photothrombosis or in the brain topical endothelin-1 (ET-1) model (Dreier et al., 2002a) . In patients, impressively long examples of spreading ischemia, similar to the original experimental model, were observed in both the early and the late phase after aSAH Offenhauser et al., 2011) . Spreading ischemias were moreover detected in patients with TBI and around the core in MHS (Hinzman et al., 2014; Woitzik et al., 2013) . Notably, long-lasting spreading ischemia can be followed by pronounced hyperemia (Dreier et al., 1998) . However, this may be model-and disease-dependent. For example, this pattern, as shown in Fig. 4 , was seen in patients with aSAH Offenhauser et al., 2011) whereas, in rats after proximal arterial occlusion, long-lasting spreading ischemia typically started from a reduced level of rCBF and barely reached the reduced baseline thereafter (Ayata and Lauritzen, 2015; Feuerstein et al., 2014) . These variations might reflect mechanistic differences that have yet to be elucidated. risk, SD induces spreading ischemia instead of spreading hyperemia because the vascular reactivity is disturbed (Dreier, 2011; Dreier et al., 1998) . The flow decline leads to a repercussion on the negative DC shift which becomes longer-lasting compared to the one in normal tissue. The same applies to the increase in
The longer-lasting the individual SD/cytotoxic edema, the higher is the likelihood that neurons die. Spreading ischemia has also been observed in patients with aSAH, TBI and MHS. Recordings of spreading ischemia in humans with aSAH and in this rat model are indistinguishable Offenhauser et al., 2011) . By contrast, in the ischemic penumbra after proximal arterial occlusion, the pattern of spreading ischemia showed a slight deviation from this pattern because the proximal restriction of rCBF seemed to preclude the pronounced hyperemic phase (Feuerstein et al., 2014 ) that follows spreading ischemia in the present figure. 4. Subacute and chronic changes in the neurovascular unitrelationship between SD and vasogenic edema
Vasogenic edema occurs in 10e58% of stroke patients (Balami et al., 2011; Desilles et al., 2013) . In contrast to the cytotoxic edema, vasogenic edema causes a net increase in cerebral water content by the movement of water from the intravascular compartment to the ECS (Kimelberg, 2004) . This causes brain swelling with the potential consequences of reduced microvascular perfusion and fatal brain herniation. Vasogenic edema results from changes in endothelial properties with the consequence of increased BBB permeability. The term 'BBB' implies a plethora of transport mechanisms for solutes across the cerebral endothelium, modulated by supportive cells, i.e. pericytes and astrocytes. Unfortunately, the specific alterations of endothelial transport mechanisms that cause vasogenic edema are not resolved. To date there is no treatment to prevent or reduce vasogenic edema through direct targeting of endothelial transport mechanisms. For a comprehensive review on BBB properties following stroke we would like to refer to the article by Gary Rosenberg in this issue. In the subsequent paragraphs, we will briefly outline some mechanisms and the time course of vasogenic edema formation after cerebral injuries to highlight not only differences but also potential relationships between vasogenic edema and SD.
Time course of the cytotoxic edema and the vasogenic edema following ischemia
Following the onset of severe ischemia (e.g., due to cardiac arrest, MCAO or photothrombosis), SD abruptly develops within 1e5 min (Hartings et al., 2017b) . In models of milder ischemia, such as in response to brain topical application of the vasoconstrictor ET-1, this may take up to several tens of minutes, but SD is an abrupt, all-or-none process also in the ET-1 model (Dreier et al., 2002a Oliveira-Ferreira et al., 2010) . This means that the cytotoxic edema, as observed using two-photon microscopy, locally develops within a few seconds after the onset of the negative DC shift of SD (Murphy et al., 2008; Risher et al., 2010) . By contrast, vasogenic edema formation is a slowly progressive process over hours and days rather than seconds. In rodent photothrombotic stroke, first signs of BBB dysfunction are thus seen within the first hour, but the maximum is only reached within 12e24 h when even the contralateral hemisphere can be affected (Dietrich et al., 1987; Lippmann et al., 2017; Schoknecht et al., 2014; Stoll et al., 2009) . After MCAO in rodents, BBB dysfunction seems to start within 6 h (Hatashita et al., 1988; Knowland et al., 2014) . The maximum is reached between 24 and 72 h. Some authors suggested that the time course shows two separate peaks (Belayev et al., 1996; Knowland et al., 2014; Yang and Rosenberg, 2011) . In the brain topical ET-1 model, BBB dysfunction may evolve in a similar fashion to MCAO or even more slowly (Jorks et al., 2011) . With respect to the earliest changes, a caveat is, though, that many studies are based on Evans blue staining and lack of Evans blue staining not necessarily proves unaffected signaling at the BBB (Saunders et al., 2015) , rather it indicates the absence of gross changes.
In patients, only a few studies investigated the time course of BBB dysfunction following cerebral ischemia. For example, Latour and colleagues saw first evidence of BBB dysfunction at a mean of 12.9 h following ischemia (Latour et al., 2004) . Vasogenic edema then usually reaches its maximum in stroke patients within 3e4 days (Balami et al., 2011; Kimberly et al., 2014; Rosenberg, 1999) .
BBB dysfunction after stroke seems to be a facultative process in contrast to SD
In the gray matter structures displaying SD, SD always occurs without any exception in all properly investigated animal models whenever hypoperfusion is severe enough to cause neuronal damage Hartings et al., 2017b) . By contrast, BBB dysfunction varies depending on species and the specific model, though it is common both in animal models of stroke and patients. Thus, BBB dysfunction (i.e. Evans blue extravasation) was strongly reperfusion-dependent and not observed in all cases in a study on rhesus monkeys (Olsson et al., 1971) . In the study of Latour and colleagues, 33% of 144 individuals with stroke showed evidence of BBB dysfunction (Latour et al., 2004) . In a cohort that underwent endovascular reperfusion therapy, BBB dysfunction occurred more often, i.e. in 58% of the patients (Desilles et al., 2013) . Similar to the study in rhesus monkeys, this may suggest that reperfused tissue is particularly prone to display BBB dysfunction. In a sense, this also corresponds with the notion in rodent experiments that maximal edema formation, as assessed using MRI at 72 h after MCAO, was rather found in the hypoperfused rim than in the ischemic core (Quast et al., 1993) . Together these findings indicate that, in addition to BBB dysfunction, some degree of perfusion and hydrostatic pressure are required for the vasogenic edema to develop.
Movement of water and solutes e a brief introduction into the vasogenic edema
According to Starling's principle the movement of water and solutes across the endothelium is a result of hydrostatic and osmotic pressure gradients, where the interstitial hydrostatic pressure opposes arteriolar pressure and the osmotic pressure of the interstitium opposes plasma osmolality. Conductivities for water and solutes affect equilibration kinetics (Starling, 1896; Stokum et al., 2016) . While water can diffuse passively through membranes even without the presence of water channels (although with slow kinetics over minutes or several tens of minutes), the movement of solutes across the cerebral endothelium is restricted e a key feature of the BBB. This is reflected by different plasma and parenchymal/cerebrospinal fluid (CSF) concentrations of ions and proteins (Stokum et al., 2016) . In addition, with the advent of the glymphatic system, the role of CSF secretion at the choroid plexus and paravascular flux of water and solutes in the layer between endothelial cells and astrocytic endfeet (i.e. glia limitans) are gaining attention in edema formation (Thrane et al., 2014) .
The role of SD for changes in the ionic and osmotic gradients across the BBB following cerebral ischemia
Hatashita and colleagues measured a peak osmotic gradient of 26 mOsm/kg between total brain tissue (ICS and ECS) and blood within the first 6 h after permanent MCAO in rats, which preceded Evans blue extravasation, i.e. increased BBB permeability to serum albumin (Hatashita et al., 1988) . Further, the total tissue Na þ plus K þ ion content was unchanged, yet tissue water content started to increase within 1 h of MCAO. These data may suggest an increased local production of osmotically active metabolites such as lactate and others as a cause of rising osmolality and water influx because there was no evidence for BBB dysfunction at this early time period (Hatashita et al., 1988) . Similarly, a rapid increase in tissue osmolality without changes in total ion content was reported in a rodent TBI model (Katayama et al., 1998) . However, though the total tissue Na þ plus K þ content remained unaltered during the first 6 h following MCAO, the total tissue Na þ content increased, whereas the total tissue K þ content decreased, suggesting a net influx of Na þ and an efflux of K þ across the intact BBB (Hatashita and Hoff, 1990; Hatashita et al., 1988) . In a similar fashion, increased total tissue Na þ and Cl À contents and a reduced K þ content were also observed early after transient MCAO and photothrombosis in rats (Dietrich et al., 1987; Yang and Betz, 1994) . Brain osmolality then returned to normal levels within 12 h of MCAO (Hatashita et al., 1988) . In parallel, the total tissue Na þ plus K þ content then slowly started to increase associated with further rise in tissue water content. This alteration now indicated BBB dysfunction as explained in the next paragraph (Hatashita and Hoff, 1990; Hatashita et al., 1988) . The driving forces for the described early increases in total tissue Na þ and Cl À content and the decrease in total tissue K þ content result from SD, which involves net movements of Na þ and Cl À into the ICS and of K þ into the ECS Hansen and Zeuthen, 1981; Kraig and Nicholson, 1978; Vyskocil et al., 1972; Windmuller et al., 2005) . Notably, in light of the equal losses of Na þ and Cl À and the rise of the K þ concentration in the ECS, electroneutrality in the ECS may be maintained by yet unidentified Gibbs-Donnan forces, the Na þ influx exceeds the K þ outflux because the concentration of negatively charged proteins is higher in the ICS than in the extracellular space (ECS). This in turn creates a driving force for water to enter the cells. In light of the equal losses of Na þ and Cl À and the rise of the K þ concentration in the ECS, electroneutrality in the ECS may be maintained by yet unidentified anion equivalents to the changes in K þ (Kraig and Nicholson, 1978; Windmuller et al., 2005) . (C) The permeability of the transcellular pathway of the BBB starts to increase for macromolecules (proteins) at about 6 h after the onset of ischemia (Knowland et al., 2014) . Notably, a recent study suggests that this not only involves the ischemic zone but also adequately supplied surrounding tissue . The increase in BBB permeability causes accumulation of proteins such as albumin in the ECS. Theoretically, this should reduce the Gibbs-Donnan forces between ECS and ICS. Speculatively, late SDs invading BBB-disrupted regions could thus be associated with less influx of Na þ , Cl À and water into neurons. In this hypothesis, an actively regulated opening of the transcellular pathway of the BBB following ischemia would thus help to keep open the intra-and extracellular diffusion paths of water during SD because it reduces SD-induced water entry from the ECS into the neurons through a decline in Gibbs-Donnan forces between ECS and ICS. (D) Neurovascular unit. (E) SD creates new ion gradients across the intact BBB. This results in ion movements across the BBB that may not require any changes in ion or protein permeabilities but follow the Nernst equation (Kang et al., 2013) . Hyperosmolality was measured in the brain in this early period. It causes water influx from the vascular compartment to the ECS. (F) Opening of the BBB for proteins is associated with a net influx of small ions driven by Gibbs-Donnan forces. (G) Summarizes the measured changes in the total brain tissue (ICS þ ECS) (Hatashita et al., 1988) . Notably, the total tissue content of Na þ and K þ do not change in the early period. The measured hyperosmolality may result from an increased local production of osmotically active metabolites such as lactate (Hatashita et al., 1988) . (H) In the late period, the total tissue content of Na þ and K þ increases through protein uptake and Gibbs-Donnan forces. This causes further entry of water into the tissue. This may also have adverse effects through increase in intracranial pressure, for example.
anion equivalents to the changes in K þ (Kraig and Nicholson, 1978; Windmuller et al., 2005 (Kang et al., 2013) . When the transcellular pathway of the BBB then starts to open about 6 h after MCAO (Knowland et al., 2014) albumin and other proteins enter the ECS, attracting small cations, in particular sodium ions, through Gibbs-Donnan forces (Fig. 5) . Therefore, the total tissue Na þ plus K þ ion content then increases. This is followed by additional water influx from the intravascular space to the ECS, whereby the vasogenic edema becomes fully established. The potentially adverse effects of this have been discussed extensively (Seiffert et al., 2004; Thrane et al., 2014) . However, similar to SD, which may not only have adverse but also potentially beneficial effects depending on the local conditions (Dreier, 2011; Dreier and Reiffurth, 2015) , the caveat is added that influx of albumin into the ECS should reduce the Gibbs-Donnan forces for cations to enter the ICS. Thus, the vasogenic edema could help keeping the ways of diffusion open in both ICS and ECS whenever SD invades the tissue. It can thus not be excluded that the protein and water accumulation in the ECS of both ischemic penumbra and surrounding zones is at first an adaptive process. It could be actively regulated by the transcytotic machinery of the neurovascular unit.
Successive alterations to the transcellular and paracellular pathway of the BBB following ischemia
Solutes can enter the brain parenchyma either a) transcellularly through endothelial cells via substance specific transporters (e.g. for glucose, amino acids, fatty acids), ion channels, ion transporters, macropinocytosis, clathrin-coated vesicles and caveolar vesicles, or b) paracellularly, if the inter-endothelial tight junction protein complex becomes more permeable (De Bock et al., 2016; Serlin et al., 2015) . As cerebral endothelial cells lack (or only minimally express) aquaporines, water has to diffuse through the endothelial lipid bi-layer (slow kinetics) or cross the endothelium via the above mentioned transport mechanisms. Vesicles and NKCC1 have been highlighted as large water carriers and two glucose transporters, SGLT1 and GLUT1, can passively transport water without carrying glucose (Stokum et al., 2016) . Alternatively, water and solutes can take the paracellular route which necessitates loosening of the tight junction protein complex.
The time courses of changes in the transcellular and the paracellular pathway and the relative contributions of these pathways to the formation of the vasogenic edema following stroke is under current debate. Of the two potential pathways, paracellular transport has been the focus of basic BBB research and of applied studies in cerebral ischemia models (De Bock et al., 2016) . However, a recent 'wave' of articles has pointed to an independent upregulation of transcytosis early after experimental stroke, while enhanced paracellular transport was either secondary, reperfusiondependent, or even hardly detectable (Haley and Lawrence, 2017; Kang et al., 2013; Knowland et al., 2014; Krueger et al., 2013 Krueger et al., , 2015 Nahirney et al., 2016) . In 1979, Carol Petito already described increasing numbers of pinocytotic vesicles as the earliest sign of altered endothelial transport when tight junctions remained intact after unilateral carotid clamping and transiently reduced inspiratory partial pressure of oxygen (Petito, 1979) . In an animal model of BBB opening, Kang and colleagues recently provided first functional evidence for an (initially counterintuitive) increase in BBB permeability to large molecules (transcellular pathway) despite restricted paracellular passage to small ions such as protons and K þ ions (Kang et al., 2013) . Following photothrombosis, increased BBB permeability expanded within hours and, importantly, reached even normally perfused regions surrounding the ischemic zone . Also in this model, Nahirney and colleagues provided evidence for increased transcytosis while tight junctions were hardly affected (Nahirney et al., 2016) . Accordingly, Knowland and colleagues found in a model of transient MCAO in mice that the transcellular pathway was disturbed as early as 6 h, showing a rise in the number of caveolae and an increased transcytosis rate, whereas the paracellular pathway displayed profound structural defects only after 2 days.
Potential relationships of the paracellular pathway with ischemia and SD
Mechanistically, matrix metalloproteinases, reactive oxygen species and cyclooxygenases were shown to modulate tight junctions following cerebral ischemia and the cellular sources are likely blood-born leucocytes, perivascular macrophages and microglial cells (Schoknecht et al., 2015; Yang and Rosenberg, 2011) . Specifically in respect of SD and the paracellular pathway, it was reported that pin-prick induced SDs in non-ischemic tissue led to an increase in matrix metalloproteinase 9 (MMP-9) expression and activity after 3e6 h. Subsequently, basement membrane and tight junction proteins were degraded and parenchymal Evans blue staining indicated leakage of albumin, pointing to an opening of the paracellular pathway (Gursoy-Ozdemir et al., 2004) . The caveat is added, though, that the underlying molecular mechanisms upregulating MMP-9 remained elusive and further studies are needed to confirm these findings. However, if confirmed, this hypothesis could provide at least a partial explanation why the zone of BBB dysfunction can exceed the actual ischemic zone because SDs propagate widely . This, in turn, could be interesting because it has been suggested that BBB dysfunction results in epileptogenesis through transforming growth factor-beta receptor-mediated albumin uptake into astrocytes (Bar-Klein et al., 2014; Ivens et al., 2007; Seiffert et al., 2004) and a clinical pilot study found that a higher peak number of SDs in patients with aSAH was associated with a higher rate of late posthemorrhagic epilepsy . However, also this needs to be confirmed in further studies.
The other way round, BBB dysfunction was found to acutely increase (Lapilover et al., 2012) and chronically decrease ) the susceptibility to SD. This may have relevance to specific stroke syndromes, such as delayed cerebral ischemia after aSAH, in which early BBB dysfunction in the cortex, initiated, for example, by subarachnoid blood components could facilitate SD and spreading ischemia .
Conclusion
For the question of neuronal death or survival following ischemia, the intraneuronal compartment is evidently the most decisive among all cerebral compartments. The term SD describes the abrupt cytotoxic change that leads to edema in this compartment and, albeit initially reversible, eventually causes neuronal death if it persists. To our knowledge, van Harreveld laid the foundation for the link between the electrophysiological phenomenon of SD and the pathomorphological one of cytotoxic edema in a number of groundbreaking papers in the nineteenfifties and esixties before the term 'cytotoxic edema' was even coined. However, communicating this hypothesis to a wider audience has taken several decades. In the course of focal ischemia, the cytotoxic edema thus develops in the tissue in the form of nonlinear waves through reaction-diffusion mechanisms. The zone showing cytotoxic edema expands at a velocity of approximately 3 mm/min and contracts again thereafter. This process repeats itself over many days. During phases of expansion, further tissue is recruited into the zone of persistent cytotoxic edema that is destined to die unless reperfused in time. The cytotoxic edema propagates widely. Transiently, it involves also large parts of the surrounding adequately perfused tissue so that regional ECoG monitoring affords even remote detection of ischemic zones. The neurovascular unit, composed of various cellular and intercellular components, aims at helping neurons find their way out of the cytotoxic edema, but itself is subject to increasing dysfunction during ischemia. Such dysfunction may result, for example, in the inability of astrocytes to buffer the ECS, the growth of ischemic zones through inverse neurovascular coupling, or increased tissue uptake of water, ions and albumin through the disrupted BBB. These and the SD process itself are potential targets for intervention. Notably, more experimental studies should focus on the mutual interactions between the different players. Furthermore, neuroimaging and neuromonitoring in critical care may be used to prioritize experimental projects. Foremost among the challenges is the need to extensively investigate in animal experiments the materials and methods applied to patients to arrive at accurate interpretations.
